Alternative structural layouts for wind turbine blades are investigated with the aim to improve their design, minimize weight and reduce the cost of wind energy. To obtain the new concepts, topology optimization is performed on a 45 m wind turbine blade. Additionally, shape factors for non-symmetric sections under biaxial bending are developed to evaluate the results in terms of ability to minimize deflection and stress. The topology optimization results in a concept which transforms along the length of the blade, changing from a design with spar caps at the maximum thickness and a trailing edge mass, to a design with offset spar caps towards the tip. The shape factors indicate that the trailing edge reinforcement and the offset spar cap topology are both more efficient in minimising deflection and stress. In summary, an alternative structural layout for a wind turbine blade has been found and shape factors have been developed, which can quantitatively assess the structural efficiency under asymmetric bending. * PhD Student,
I. Introduction
A. Wind Energy I n order for wind energy to be competitive in the market, it is important that its cost is minimized. One way to achieve this is to continue the present trend towards larger wind turbines, because, as their rated power increases, the cost per kW decreases. 1 This is because the power generated by a wind turbine is theoretically proportional to the square of the blade length. On the other hand though, the blade mass increases with the cube of the length. 1 This square-cube law means that the blade mass grows faster than the energy output as size increases, and is the basis for speculation of a size limit for wind turbines. 2, 3 In reality, through improved design methodology, the blade mass of current turbines has been found to be growing at an average exponent of 2.3 as opposed to 3. 4 Despite this, as wind turbines have grown in size, the loads due to self-weight have become increasingly influential. Yet, the basic topology has remained unchanged.
Larger blades are also more efficient from manufacturing and financial viewpoints. Furthermore, lightweight designs can benefit the entire wind turbine through decreased mass-induced loads. Indeed, the cost of the rotor may represent 20% of the total, but decreasing the mass can have a significant effect by reducing the material demands, and thereby cost, of the nacelle, tower, and foundations. 5 For these reasons, as blade size increases, it becomes more important to increase structural efficiency.
It is thought that the current blade topology may have reached maturity and that without major changes there will be no significant weight and cost reduction. 6 By improving the structural efficiency of the blades through new design concepts, wind turbines could potentially be made larger and produce more energy, which would result in lowering the cost of electricity.
B. Current Wind Turbine Blade Design
Before investigating new structural layouts, current designs are considered. As seen in Fig. 1 , the conventional design of a wind turbine blade consists of two structural skins and a box spar beam. 7 The skins form the aerodynamic profile of the blade. Typically, they are constructed from sandwich panels to resist buckling and are bonded at the leading and trailing edges. The spar provides the stiffness and strength requirements of the blade, performing as a beam while simultaneously resisting buckling phenomena. The caps are often thick hybrid composites of carbon and glass fibre, whereas the webs are often sandwich panels which typically carry shear forces. Sandwich panels have become widely used for their ability to provide high bending stiffness, strength and buckling resistance (per unit weight). 3 
C. Aims and Objectives
For all of the aforementioned reasons, there is a clear need to improve the structural efficiency of wind turbine blades, so the aim of this study is to investigate alternative structural configurations which would make wind energy a more cost-effective source of power generation.
The first step to finding alternative designs has been to perform topology optimization on a 45 m blade from a 3 MW wind turbine. The topologies resulting from these analyses were then studied with respect to their bending response. Their structural efficiency was quantitatively assessed using shape factors, i.e. novel coefficients purposely developed to account for the asymmetric bending behavior of the blades.
II. Topology Optimization

A. Background
Topology optimization was used to generate alternative structural design concepts for the benchmark wind turbine blade. Topology optimization, also known as layout or generalized shape optimization, is a nonparametric technique used to determine the best layout to sustain loads in a given design domain. In this context, the structural layout refers to the topology, shape and sizing of the benchmark design.
In a more conventional approach, the topology of a design is chosen through intuition or from preexisting designs. 8 Instead, topology optimization provides a tool which can determine the optimal material distribution at an early stage of design. This can significantly reduce development time and be an effective way to understand the load paths within the component. Topology is often followed by a sizing optimization which produces quick and effective design solutions. 9 The choice of topology in a design is done at the conceptual phase and is critical as typical sizing optimization processes cannot alter it during the solution process. 8 Three previous examples of topology optimization of a wind turbine blade are known. The first is a part of a wider study proposing a new design concept for a 75 m long thermoplastic blade. 10 In this work, a preliminary study first undertook topology optimization on a section of the blade and considered how this may be adaptable to thermoplastic composite manufacturing. 11 Topology optimization was then performed on the inner half of the full blade and then the results were interpreted to create a shell model upon which a sizing optimization was performed. 12 The results led to a design using ribs, multiple skin panels, and spars.
The second study conducted topology optimization of a wind turbine blade, inspired by similarities in function and structure to plant leaves. 13 Both of these studies minimized the compliance with volume fraction constraints and the results both showed spar caps approximately at the maximum thickness with trailing edge ribs. Lastly, the third investigation accounted for the effects of design-dependent wind loads in the topology optimization of an off-shore wind turbine tower. 14 The results presented in this section are based on an earlier study which involved topology and sizing optimization of a wind turbine blade. Further details of the topology optimization may be found in Buckney et al. 15 In the present work, the method used in the topology optimization was the Solid Isotropic Material with Penalization (SIMP), also known as the density method. 16 In this approach, the design variables are a fictional density of the material, which can vary from 0 to 1 in order to modify the stiffness using
whereK e and K e are the real and modified stiffness, p is the penalty factor and ρ e is the fictional density. The penalization factor is used to avoid densities of intermediate values and force the solution to be comprised of elements with a density of either 0 or 1. In other words, the material is made to be either present or void. Even so, despite the use of the penalty factor (which typically ranges from 2 to 4), elements with intermediate values of density can still persist.
B. Model
In this study, the finite element (FE) topology optimization was performed using Altair Optistruct. 17 Initial investigations were performed on a small section of the blade in order to ascertain suitable problem formulations, which were then applied to a more complete model. This helped to determine what optimization controls should be set, what types of analyses to run (i.e. minimize volume or minimize compliance) and any other problems. The geometry of the blade was based on an existing design. The computer program airfoil, along with chord, thickness and twist data, were used to generate coordinates for naca 6-series airfoils for 50 sections equally distributed along the blade. 18 The blade geometry data are shown in Fig. 2 . In this study, bending out of the rotor plane and bending in the rotor plane are respectively referred to as flapwise and edgewise bending, as shown in Fig. 3 .
Finding the material distribution within the design domain was the aim of the optimization. As such, the element size was effectively the resolution of the resulting structure. The problem of low resolution can be exacerbated in a wind turbine blades as they are thin, lightweight, and have low volume fraction. Inboard, there are large changes in chord, twist, thickness, and a complex transition from the circular root section to an airfoil. Outboard, the twist, relative thickness of the airfoil, and overall area of the cross-section are decreasing. For this reason and in order to capture potential changes in topology along the length, the entire blade was modeled.
Topology optimization is computationally intensive, particularly on a large model with complex geometry such as a wind turbine blade. This meant that there is a compromise between having small enough elements to capture the topology and the computational limits set by memory and time constraints.
The outer surface of the blade was meshed with 210, 000 TRIA3 (three-node triangular) shell elements. These elements on the surface of the blade were used to apply pressure loads. In reality, the skin is always required, so a skin thickness of 2 mm was defined. This structural skin is outside of the design space and is fixed throughout the optimization. The inner volume of the blade was meshed with 2.46 million TETRA4 (four-node tetrahedral) solid elements which formed the design space of the topology optimization problem. Tetrahedral elements were chosen for two main reasons. Firstly, they are efficient in meshing sharp features such as the narrow trailing edge. Secondly, when compared to a hexahedral element mesh with similar edge size, tetrahedral meshes have a larger number of elements with respect to the number of nodes. This maximizes the element density for a given FE model size and hence maximizes the resolution within the computational limits. The blade transitions from very large sections near the root to small sections at the tip, so a mesh bias was used along the length to decrease element size approaching the tip. This meant that the element size was proportional to the chord and thickness at that section. This was required to avoid an excessively fine mesh near the root or a coarse mesh at the tip.
The solid elements that made up the design space were given properties of a quasi-isotropic layup of a typical high strength carbon fiber equivalent to E = 54 GPa, G = 21 GPa and ν = 0.270. The shell elements of the skin were given the same properties. Real designs use orthotropic materials with more reinforcement along the blade length but, it was not possible to apply these properties in the topology optimization.
The loading on a wind turbine blade is stochastic and has components from the following sources: aerodynamic, gravitational, inertial (centrifugal and gyroscopic) and operational (grid-failure, braking, etc.). 10 Loading data for the blade were available in the form of a moment distribution along the blade length for extreme forward and reverse loads in the flapwise and edgewise directions ( Fig. 4 ). Forward flapwise bending causes compression on the suction side, and forward edgewise bending causes compression in the trailing edge. In addition to this, a map of combined load conditions from actual blade data were provided (Fig. 5 ). The data have been presented generically with the moment distribution normalized to the maximum value (forward flapwise bending). The map of combined loads shows the perimeter of the data cloud of com- bined load points with references to the extreme values. From the combined load map, seven load cases were identified for the analysis. The first four are the extreme bending moments which are taken to occur independently. The final three load cases are selected as the extreme combined loads as shown on the map.
C. Optimization Problem Definition
The objective of the optimization was to minimize the compliance with a volume fraction constraint applied. The compliance can be considered as the reciprocal of the stiffness. It was minimized by minimizing the strain energy of the structure
where C is the compliance and u and f are, respectively, the nodal displacement and load vector. The stiffness matrix K depends on the stiffness of the elements. As there were seven load cases, each with its own compliance, the objective was to minimize the maximum compliance. By setting a volume fraction constraint this optimization found the stiffest layout for a given mass. The volume fraction was chosen as 0.125 based on the volume and mass of a real wind turbine blade. In addition to the volume fraction constraint, a maximum tip displacement of 9 m in the flapwise direction was applied to ensure adequate tower clearance. There was also a limit of 2 • for the rotation of the tip about the radial axis, so that aerodynamics were not adversely affected. A penalty factor of 2.5 was used and checkerboard control applied. Checkerboard control generally yields a larger number of semi-dense elements around fully dense elements, but avoids the 
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emergence of checkerboard-like patterns in the results. Checkerboard control is typically applied in topology optimization as these patterns are not optimal microstructures but are the results of numerical noise in the FE analysis. 19, 20 The problem formulation is summarized in Eq. (3), where v f is the volume fraction, δ tip is the tip deflection and θ tip is the tip rotation:
Objective function:
D. Results
The results from the topology optimization are displayed in the form of contour plots showing the density of the elements, with high density regions indicating where material is required. Figure 6 shows a top view of the blade with elements of density less than 0.05 hidden. Also shown are Sections A and B, which show all element densities. These are situated at 25% and 75% of the blade length, respectively. Similarly to a conventional design, there are spar caps running along the length of the blade. Near the root they are In the regions where they appear, these features provide the only connection between the high density features, which suggests that they carry shear loads. Two of the main functions of a rib are to maintain the aerodynamic cross-section and to increase buckling stress by providing end restraints. 22 As the analysis was linear and did not have buckling constraints, these features will be called shear posts to distinguish function. These shear posts were most prominent in the sections of the blade with the largest thickness and twist.
III. Structural Efficiency
A. Shape Factor Background
Following the topology optimization, the layout of the blade was taken and evaluated to understand why it appeared as the solution. This was done using shape factors, as they are a useful way to determine the efficiency of material usage in a structure. 23 Shape factors are dimensionless parameters, depending on shape and not scale, which compare the efficiency of a shaped section to that of a simple reference section of equal area (in this case a circular cross-section). A shape factor greater than one indicates a more efficient shape than the reference section; conversely, a shape factor less than one is less efficient.
Due to the asymmetric bending behavior, it was vital to have a clearly defined bending convention. The radial, edgewise and flapwise directions are now defined as the x, y and z-axes using the right-hand rule (Fig. 7) . 
where M is the moment, E is the Young's modulus and, I is the second moment of area (with the subscript indicating the relevant axis). The bending stress in the x-direction (radial) is
where z and y denote the distance from centroid in the flapwise and edgewise directions, respectively.
B. Deflection Shape Factor
When evaluating the performance of a structure under bending loads, it is typical to consider its stiffness, which is proportional to the Young's modulus and the second moment of area. 23 This is suitable for symmetric sections under simple loading conditions, but this ceases to be the case for wind turbines which undergo asymmetric bending. For example, coupling between the flapwise and edgewise moments through the product term of the second moment of area means that the resulting behavior is not immediately obvious: a deflection due to a positive flapwise moment can be counteracted by a deflection in the opposite direction caused by a positive edgewise moment. The flapwise deflection is the critical parameter as the blade tip must have adequate clearance from the tower. 24 For this reason, the flapwise deflection was used to create a shape factor as opposed to stiffness as this is the critical factor in the design. The deflections are complicated by the biaxial loading and the increased number of terms due to asymmetrical geometry. From Eq (4), the moment curvature relationship in the flapwise direction is 22
Since the curvature is proportional to the deflection of the beam, it is used to evaluate the efficiency in minimising the deflection. This is achieved by comparing the curvature to that of a reference beam of equivalent area. In order to to so, we define
which is the shape factor for efficiency in minimising the deflection in the flapwise direction. The reference beam, which is denoted by the subscript 0, is a circular beam and was chosen due to its inherent axial symmetry. This means the second moment of area terms will remain constant no matter the cross-sectional axis of interest. The second moment of area is described with respect to its cross-sectional area:
For the reference beam I y = I z = I 0 and I yz = 0. These can now be substituted back into the expression for the shape factor. If only one material is considered, the Young's modulus terms cancel, as
C. Stress Shape Factor
A similar procedure will now be used to find a shape factor to evaluate the efficiency of the section in minimising stress under given loading conditions. In a simple beam, shape affects stress through the section modulus, Z = I/y m , which is taken from the bending equation for a simple beam, where I is the second moment of area and y m is the maximum distance from the bending axis. A beam with a stress shape factor of 10 will have a maximum stress equal to a tenth of that in a solid circular section of the same area. To develop a shape factor for stress efficiency in asymmetrical bending, the first step was to manipulate the bending stress (Eq. (5)) so that it only had one term. This was achieved rotating the coordinate system to align with the resultant moment
where M R is the resultant moment and the rotated coordinates system is indicated by prime. The section modulus, Z, is now redefined to account for the asymmetrical bending
The reference section modulus can be simplified due to the conditions of the second moment of area. The maximum distance from the bending axis for any applied load is the radius
The strength efficiency of the shaped beam is then calculated as the ratio between its modulus and the modulus of the reference beam with equivalent cross-sectional areas
Burgess et al. use a similar method for beams with misaligned loads but neglects the product second moment of area. 25 While I yz is zero when the axes of symmetry are coincident with the coordinate system, it ceases to be zero when this is not the case. The exception is for beams where I y = I z , for example, the circular reference beam.
D. Results
With the shape factors for deflection and stress now defined, they were applied to the results of the topology optimization. The purpose of this analysis was not to create a final wind turbine design but to evaluate the topology optimization results. To calculate the shape factors, section models based on the high density material of the topology optimization were created. The high density material was used for the sections as this is the primary part of the structure which is resisting the bending loads and allows a discrete model to be used. The section properties were then calculated using an elemental area method for asymmetric bending. 26 Stress, curvature, and the neutral axis were calculated. 22 The shape factors were developed from the methods given by Weaver and Ashby. 23 The sections at 25% and 75% of the blade radius (herein called inboard and outboard) were compared to sections with more conventional spar cap positions (Fig. 8 ).
In the topology optimization, only a limited number of load cases could be applied due to the high computational expense. On the other hand, the calculation of the shape factors is not demanding. This allowed the sections to be evaluated for the entire range of loads seen in the load cloud (Fig. 5) .
Both of the shape factors are only dependent on the ratio of the flapwise and edgewise moments, regardless of their magnitude. In other words, they only depend on the direction of the resultant moment. This The load cloud in polar coordinates is shown in Fig. 9 . Results are presented in Figs. 10 to 15. The seven load cases, which were used in the topology optimization, are shown on the polar plots, highlighted by radial lines. Points which lie on the same radial line are subject to the same load case.
While it is convenient to work in polar coordinates, the results for the flapwise deflection shape factor takes the form of a tan curve, which is simpler to plot in Cartesian coordinates, with the resultant moment angle α on the horizontal axis and the shape factor φ d on the vertical axis. The results for the inboard and outboard sections are shown in Figs. 10 and 11 , respectively. The conventional topology is shown as a red dashed line and the concept topology optimization result as a solid blue line. The result is initially non-intuitive but it can be understood by considering the form of the shape factor.
The circular reference beam is axisymmetric, which means that I y = I z and I yz = 0, independently from the coordinate system. In other words, there is no coupling between the flapwise and edgewise moments: when an edgewise moment is applied, the deflection in the flapwise direction is zero.
For sections of general shape, there is a still a condition where the applied loads result in zero flapwise deflection. This occurs when the neutral axis aligns with the edgewise axis. As the neutral axis begins to align with the edgewise axis, the denominator of the shape factor tends towards zero and hence the shape factor tends to infinity. The shape factor becomes asymptotic with the α which causes this condition. It is also possible for the flapwise deflection shape factor to become negative near asymptotic values. This indicates that the deflection of the beam is in the opposite direction to that of the reference beam.
In general, it can be seen that for the inboard section ( Fig. 10) , the concept has larger deflection shape factors. Importantly, the concept has larger values for all of the combined load cases. As the concept topology shape factor becomes asymptotic at a smaller α, this means the shape factor is larger for the critical load case of forward flap, forward edge (load case 5). Table 2 shows the numerical results for the seven load cases which are also indicated on the plot. As with the inboard sections, the outboard concept shape factor ( Figure 11 ) become asymptotic at a smaller α. In contrast to the inboard section, the outboard concept topology shape factors are not all larger than the conventional topology. The flapwise only load cases (load cases 1 and 2) have marginally smaller shape factors; conversely the shape factor for load case 5 is slightly larger. α,°M The flapwise deflection shape factor is based upon the critical deflection of the wind turbine blade, required for tower clearance. The objective of topology optimization was to minimize the compliance which is not direction specific. Therefore, it was also useful to look at the resultant deflection shape factor. This was calculated in the same way as previously, but with a coordinate transformation to align the z-axis with the neutral axis. Polar plots of the resultant deflection shape factor are shown in Figs. 12 and 13 .
Looking at the inboard results it can be seen that the conventional topology is more efficient at reducing edgewise deflection over flapwise deflection. The concept topology has larger values for flapwise orientated moments but smaller for edgewise moments. At an α value of approximately 75 • and 255 • , the shape factor peaks to a value of 96. This occurs at the point where the resultant moment aligns with the principal second moment of area which is large due to the trailing edge reinforcement.
The outboard resultant deflection shape factors are shown in Fig. 13 . The shape of the plot for the concept topology is very similar to the inboard concept, though the magnitudes are smaller. The shape factor peaks at 23 at an α of approximately 80 • and 260 • . For the conventional topology, the edgewise shape factor is larger than for flapwise loading. The shape of the plot is almost symmetric about the flapwise and edgewise direction, as is the geometry of the section itself.
The polar plots for the stress shape factors are shown in Figs. 14 and 15 . As the stress shape factor is dependent on the distance from the centroid, the maximum value for each load condition is used. For the inboard sections, it can immediately be seen that the shape factors for the concept are larger for edgewise loads but slightly smaller for the flapwise load case. Despite this, the shape factor for the critical forwardforward load case (number 5) is significantly larger. The numerical values of the shape factors are given in Table 3 .
The stress shape factors for the outboard sections show that the shape of the plot is rotated to align with the resultant moment of the forward-forward load case. In contrast, the conventional section is aligned with Concept Conventional Figure 10 . Flapwise deflection shape factors at a radius of 25%. The conventional design is shown as a red dashed line and the concept as a solid blue line. The seven load cases from the topology optimization are indicated on the plot. the flapwise only load case where the shape factors are thus larger.
Concept Conventional
To further understand the behavior of the sections, bending stress contour plots have been generated for the load cases of the topology optimization. The contour plots are normalised to the maximum stress in that section, so they are merely used to compare the distribution of stresses as opposed to relative magnitudes. The stresses in the inboard and outboard sections are shown in Figs. 16 and 17 . The figures also indicate the position of the first principal second moment of area (blue dashed line) and the neutral axis (red dashed line). The principal second moment of area is independent of the loading but the neutral axis changes for each load case.
For the inboard sections, both the conventional and concept topology have principal axes at similar angles. The centroid of the concept is translated slightly further towards the trailing edge. The neutral axes show more variance. In general, the neutral axis of the concept is more aligned with the chord of the airfoil. The result of the neutral axis being more aligned with the chord line is that the stresses are more evenly distributed in the spar caps.
For the outboard sections, the angle of the principal second moments of area differ. In the conventional section, it is almost aligned with the edgewise axis but in the concept is more rotated, at an angle similar to the sections at 25%. The neutral axis of the forward-flap load case (load case 1) is closely aligned to the chord of the airfoil in the conventional section but not in the concept. This results in a more even stress distribution in the spar caps. The opposite effect is seen for load case 5, with evenly distributed stresses in the concept but not the conventional topology. Figure 13 . Resultant deflection magnitude shape factors at a radius of 75%. The conventional design is shown as a red dashed line and the concept as a solid blue line. The seven load cases from the topology optimization are indicated on the plot. 
IV. Discussion
Based on the topology optimization result and the shape factors, the solution will now be discussed in order to understand why it has arisen. The variation in topology along the blade length is not unexpected due to the large changes in geometry. From the root to the tip, the twist of the blade varies from approximately 24 • to almost zero, whereas the relative thickness of the section decreases by a factor of almost 7. With these differences in the design domain, alternative layouts have formed to sustain the loads. A good design would be one in which each of the possible failure modes is pushed to the limit to give a lightweight blade. In addition to purely reducing the weight, the results of the topology could offer better manufacturing opportunities. However, manufacture was not considered at this stage of research so as not to be a constraint. In general, we believe that the use of topology optimization for wind turbines was justified as the complexities due to the asymmetric bending meant that the solutions were non-trivial.
From the stress contour plots, it was seen that the neutral axis of the concepts was more closely aligned with the chord when compared to the conventional sections. Crucially, this was the case for the critical forward flap, forward edge load case. The closer alignment reduces the maximum distance from the neutral axis and thus helps contribute to a more stress-efficient design. As the distance from the neutral axis in the spar caps does not vary as in a conventional design, the stress is more evenly distributed.
In the trailing edge reinforcement concept, the rotation of the neutral axis is achieved because of the increased edgewise second moment of area as well as the larger product second moment of area. The centroid is also translated toward the trailing edge, thus reducing the maximum distance under edge-dominated loads. At first glance, it may have seemed that the trailing edge reinforcement was just maximizing edgewise stiffness, but it is likely that the most beneficial effect comes from the rotation of the neutral axis. With this knowledge it could be possible to fine-tune a wind turbine blade so the section properties align the neutral axis with the chord line. The rotation of the neutral axis in the offset spar caps is achieved through the increased product second moment of area, with a smaller change in the edgewise second moment of area. Inboard, the shape of the concept stress shape factor polar plot was stretched in the edgewise directions when compared to the conventional section. In contrast, the shape of the outboard concept stress shape factor was a rotated, stretched version of the conventional section plot.
It should be noted that for both the deflection and stress shape factors, there were load cases which had smaller shape factors than the conventional section. The shape factor plots do not depend on the magnitude of the applied loads, so when analyzing the results, it is important to also consider this. The load case which drove the topology optimization was the forward flap, forward edge load case, but the other load cases still satisfied the constraints. So the increased structural efficiency for the key load case comes at the expense of reduced structural efficiency for some other load cases. The effect of this would be a design in which the reserve factors for all the load cases converge toward the same value.
The shape factor plots could be used to identify potential problems for changing load cases. For example, the conventional outboard stress shape factor (Fig. 15 ) shows that the forward-forward load case is located at a vertex of the plot. Small increases in the edgewise load would result in a rapid decrease in the stress shape factor. This is of particular relevance to large blades which have relatively larger edgewise loads.
The changes in the geometry of the blade cross-section along the blade length provide very different design domains. The shape factors do not depend on scale, but overall the shape factor magnitudes were smaller for the outboard sections. The reduced relative thickness and twist create a more limiting design domain, and it is more difficult to sustain the loads as efficiently. 
V. Conclusion
Alternative structural configurations for wind turbine blades were investigated, with the aim to improve their design, minimize weight and reduce the cost of wind energy. Topology optimization was used to find these layouts and develop new and non-intuitive solutions. The result was a structure which changed along the length of the blade, transforming from the trailing edge reinforcement design to one with offset spar caps.
This solution was then evaluated in terms of stress efficiency and the ability to resist flapwise deflections due to bending. To do this, shape factors were developed which could account for asymmetric bending which results from the lack of geometrical symmetry and the biaxial loads.
The deflection was considered, as opposed to the stiffness, because it is the tower clearance which is the design constraint. This highlights the distinction between deflection and stiffness which is vitally important for asymmetric bending.
Similarly, the bending stress is not simply related to the bending stiffness. Asymmetric bending behavior is non-intuitive because the stress depends on section properties, loading and distance from the neutral axis. In simple bending, improving bending rigidity typically reduces stress, but this may not be the case with asymmetric bending.
For the key load cases, the sections from the topology optimization had larger shape factors for both deflection and stress, which meant that they are more structurally efficient. The reasons for the different topologies at different positions along the blade can be explained by the large changes in the twist and relative thickness of the airfoil section.
By maximizing the structural efficiency of a wind turbine blade the design will require less material resulting in a more lightweight blade. This is particularly important for large blades and is necessary to overcome the square-cube law between power and mass. The concepts presented in this study are at an early stage of development, but they indicate there is an opportunity to improve the design of wind turbine blades, and thus reduce the cost of wind energy.
